The AIII-BV semiconductors, due to their unique properties, are considered for decades as a promising material to overcome the limitations of the silicone semiconductor electronic devices. One of the important aspects in the AIII-BV semiconductor technology is gold-semiconductor interactions at the nanoscale, since gold is widely used to catalyze the growth of AIII-BV structures and it is also an important material for the electronic device mainly used as electrodes.
Introduction
AIII-BV semiconductors due to their unique properties such as high electron mobility and direct bandgap are considered as a material for new generation of nanoscale electronic devices [1] [2] [3] . 
Results

In-based AIII-BV semiconductor substrates -InSb(001), InAs(001) and InP(001)
Figure
C. a) RHEED pattern of the clean and reconstructed c(8x2) InSb(001) surface, b) SEM and c) AFM images of the morphologies of the nanowires, d) Nanowires length distribution, e) Atomically resolved HAADF STEM image of the nanowire cross section, Au diffusion into the bulk (marked area B) is clearly seen. At the low corner the InSb crystallographic directions are indicated, f)-h) corresponding EDX chemical maps of Au, Sb and In, respectively, i) EDX line profile through the nanowire/substrate interface, j) atomically resolved HAADF image of the InSb substrate, k) Au concentration map within the atomic InSb columns -the Machine Learning HAADF STEM quantification of the area B (Au diffusion region), different amount of Au builds up into InSb lattice (value "1" corresponds to the concentration of 100 at. %), l) Detailed view on the interface between AuIn2(001) nanowire and InSb(001) with proposed atomistic structural model of the interface overlaid in the HAADF image.
The deposition of 2ML of Au on a clean c(8x2) reconstructed surface of InSb(001) monocrystal at (SEM) image analysis (Fig. 1d) . The nanowires have a constant height of ~5 nm, as indicated by Ftomic Force Microscopy (AFM) measurements (Fig. 1c and d ).
In Fig. 1e the atomically resolved High Angle Annular Dark Field (HAADF) Scanning Transmission Electron Microscopy (STEM) image of the nanowire's cross section is presented. In HAADF STEM the imaging contrast is proportional to the atomic number Z and thus this technique ensures the chemical sensitivity (the Au atomic columns appear brighter than In-Sb columns). Due to a very high sensitivity of this technique, small variations in the composition for AIII-BV alloys could be detected [29] . It is seen that the nanowire is crystalline and is composed of Au and In without Sb as indicated by EDX measurements (Fig.1f-i ). This points out that during the process of nanowire growth, the Au interactions with substrate InSb surface result in breaking bonds between In and Sb atoms. A stable AuIn phase is formed (see supporting information Fig. S2a and Table S2 ) while Sb atoms escape from the sample to the vacuum. By examining the interplanar spacing of the atomic columns and their contrast in the HAADF STEM imaging, the nanowire composition is identified as AuIn 2 alloy phase [19] . AuIn 2 nanowire's stoichiometry is confirmed also by SEM/EDX measurement results which were analyzed by a newly developed method of chemical quantification based on Machine Learning approach [30] . The driving process of chemical reaction under consideration on the sample surface is predicted by the computational model [32; 33] . The nanowire is partially buried below the average substrate surface level and is surrounded on its sides by crystalline rim having common (111) facet plane. The AuIn 2 nanowire exposes on its top the (001) plane of square-symmetry in agreement with previous atomically resolved imaging with non-contact atomic force microscopy [34] . From Fig. 1e it is also clearly seen that the HAADF STEM contrast of the InSb substrate crystal is not uniform. The region just below the nanowire (marked as region B) is brighter than the rest of the InSb bulk (region A) indicating that the region B is enriched in Au due to the diffusion (dissolution) of Au atoms into the InSb crystal. The corresponding EDX measurements (Fig. 1f-i ) exhibit the enrichment in Au and deficit in Sb of the region B. To distinguish between pure In-Sb columns and these containing Au atoms (assuming constant sample thickness) the HAADF image quantification was performed. Due to the noise inherent to the experiment, intermixing between the Au and In-Sb phases is studied statistically 5/32 using Machine Learning algorithms as implemented in Trainable Weka Segmentation [35] (for details see supporting information Fig. S1 and Table S1 and Table S1 ). The formation of AuIn 2 phase after Au layer annealing on InSb(111) was previously observed by HRTEM [36] but without a chemical sensitivity at the atomic level so the Au diffusion was not studied. In Fig. 1l atomically resolved HAADF STEM image of the interface between AuIn 2 (001) and InSb (001) is presented. The epitaxial relations of the interface are clearly demonstrated by the continuation of the atomic rows between the AuIn 2 nanowire and InSb substrate. The proposed structural model of the interface is overlaid on the atomically resolved HAADF STEM image (Fig. 1l) .
The observed Au diffusion into InSb lattice was still investigated in detail and the results are shown in formed, the shortening of the Au-Au bonds. When the equilibrium Au doping takes place, the dimers/oligomers are preferentially formed and thus no significant lattice swelling is observed.
The lattice strain obtained by Geometric Phase Analysis (GPA) of atomically resolved HAADF STEM images, which traces the local deformation of atomic lattice unit cell in the x-y plane perpendicular to the electron beam (z direction) is presented in Fig. 3a . Just below the nanowire, in the region of around 2nm, a dominant positive ~3% of ε yy growth strain field is visible, meaning ~3% expansion of the atomic lattice in y direction (growth direction). Any correlation between the observed strain fields and the amount of Au atoms incorporation into InSb lattice has not been found. According to experimental data, the region where the Au diffusion takes place (area of ~10 nm below the wire) is strain free. This observation is consistent with DFT simulation predictions. The strain filed is only visible in the region of ~2 nm below the nanowire.
To elucidate in details the atoms off-axis positioning within the atomic columns in the Au diffusion area, we performed atomic columns shape analysis via ellipticity analysis of the HAADF STEM images [37; 38] . Each atomic columns was fitted with an elliptical 2-D Gaussian. The ellipticity parameter was extracted and defined as the ratio of long to short ellipse axis accordingly to Nord et al. [38] . The ellipticity value of "1" corresponds to perfectly circular atomic columns while values greater than "1" indicates changes of atom positions, within atomic columns parallel to the beam direction (z), in the x-y plane [37; 38] . The ellipticity maps are plotted for the part of Au diffusion area, as indicated in Fig. 2b )-c), and are presented separately for Sb and In atomic columns. Fig. 3b )-c) shows Gold (Au) concentrations maps and corresponding ellipticity maps Fig. 3d )-e). It is seen that high ellipticity value corresponds to the regions of low indium concentration in the atomic columns, i.e., of high R values region. In the regions where Indium and Antimony lattices are both highly populated with Au (low R values region ~1) the ellipticity is close to "1", i.e., there is no atomic position changes within the column. In Fig. 3f )-g) the ellipticity is plotted, for indium and for antimony atomic rows respectively, as a vector field plot where the length of a vector line is proportional to the ellipticity value.
Additionally to the magnitude also the ellipticity direction could be visualize so the direction of the atomic position changes within the column is seen. The Au concentration in the InSb crystal sublattices highly influences the ellipticity of the atomic columns and its direction. For example in following we describe three regions marked as (1), (2), (3) [39] . It was found that stoichiometry of the In-Au alloy phase depends on the diameter of nanowires, which was explained by the In supersaturation in the Au nanoparticle and limited diffusion due to the finite size of nanowires. In our case we do not see any nanostructure size dependent effects, since the diffusion is not limited and we have almost infinite InP surface. 
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Ga-based AIIIBV semiconductors GaSb(001), GaAs(001) and GaP(001)
The clusters/nanoislands formed after deposition of 2ML of Au on the reconstructed c(3x1) GaSb (001) surface at 330 o C are examined by SEM/AFM and the results are shown in Fig. 5a ). The nanostructures have an average lateral size of ~13nm and a constant height of ~3nm. In contrast to the Au/InSb, here no shape anisotropy of the nanostructures is seen. To uncover the detailed internal nanostructures' 12/32
Figure 5: Nanostructures resulted from deposition of 2ML of Au at 330 oC on GaSb(001) a) SEM image morphology, d)-f) atomically resolved HAADF STEM images, on GaAs(001) b) SEM image, g) atomically resolved HAADF STEM image and on GaP(001) c) SEM image, h) atomically resolved HAADF STEM image. Substrate crystallographic directions marked. All formed nanostructures are in epitaxy with the AIII-BV substrate.
structure the TEM measurements were performed and the atomically resolved HAADF STEM image of the nanostructure's cross section is presented in Fig. 5d)-f) . By examining the interplanar spacing of the atomic columns together with the results of the EDX experiments and HAADF contrast, the nanostructure phase is identified as an AuGa 2 alloy phase (see Fig. 5e In the case of Au/GaP(001) system, the nanostructures with an average lateral size of ~6nm i.e. two times smaller than in the case of Au/GaSb are formed (see Fig. 5c ). In Fig. 5h 
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For the third Ga-based substrate material studied, i.e., GaAs(001) the thermally induced self-assembly of 2 ML of Au leads to development of small, 8.2 nm clusters uniformly distributed on the substrate surface (Fig. 5b) . The HAADF and EDX measurements provide that the clusters are of pure Au phase. 
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Discussion
The set of seven experimental parameters of the studied nanostructures extracted from the SEM, AFM and TEM measurements like size, height, Au content, etc. (see Table S3 in supporting information), were analyzed by Machine Learning methods to extract the existing relations between them. Instead of looking at the parameters one by one or in groups by two, which will integrate the data over other
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Figure 6: Nanostructures resulted from 2ML Au deposited on InSb(001), GaSb(001), GaAs(001), InP(001) and InAs(001) surfaces at 330C. a) Machine Learning Multidimensional Scaling (MDS) 2D projection of measured nanostructure parameter's space. Result of k-means clustering indicated as red and blue color. b) structure average lateral size versus average surface diffusion radius, together with linear fit to the data. c)-d) Nanostructure-AIIIBV semiconductor interface type for Indium and Gallium based semiconductors, crystallographic AIIIBV planes together with their relative occurrence are given.
dimensions, one can employ the multidimensional scaling (MDS) [42] to visualize these seven dimensions "simultaneously" on the plot, without any assumption on ordering. The MDS is a technique which finds low dimensional projection (two dimensional) of the multidimensional data on the plane by trying to preserve the distance between the points as good as possible. So the points with similar properties in multidimensional space are closer together in MDS projection. We used here also for this seven dimensional data clustering algorithm which works in multidimensional parameter space, i.e., kmeans clustering method [43] , which searches for the group of points which are close together (clusters). In Figure 6a ) computed MDS projection of the map into 2D plot together with the results of k-means clustering is presented. The k-means clustering found two clusters in the data, which are nicely seen on the MDS map, one cluster for indium-and one for gallium-rich AIII-BV substrates. This shows that taking only parameters of the formed nanostructures, without assuming any explicit ordering, one sees two groups of different behaviour for indium-rich and one for gallium-rich AIII-BV semiconductors. This shows that Ga-rich and In-rich AIII-BV semiconductors interact completely differently with Au. This is related to different AIII-BV compound stability when contact with gold [14] . Furthermore, the morphological parameters, i.e., average size, surface density, and average surface diffusion radius, of the nanostructures grown on the In-rich and Ga-rich substrates split into separate groups when they are studied as a function the heat of formation (binding energy) -HoF of the AIII-BV semiconductor [44] , which is used here as an explicit ordering parameter, where the most negative value corresponds to the highly bound system Fig. S4 (see supporting information) .
There is also a strong linear correlation between the structure average size and average surface diffusion radius for all studied AIII-BV substrates as depicted in Fig. 6b ). This indicates that independently of the chemical interaction mechanism of Au and AIII-BV semiconductor the nanostructures formed are mainly a consequence of the surface diffusion of adatoms and their nucleation.
In Fig. 6 c)-d ) the interface composition of the nanostructure/AIII-BV semiconductors is presented for indium and for gallium rich semiconductors, respectively. The AIII-BV facets formed at the interfaces are plotted as a function of the heat of formation for AIII-BV semiconductor. The relative occurrence, in percent, of particular facets is given and the facets are ordered accordingly to their stability, i.e., surface energy [45] . It is seen that for the InSb, the semiconductor with the lowest binding energy, there is high Au-induced etching of (001) surface and facets with higher stability are formed (311) and (111) The mechanism of metal etching seems to the main process of the nanostructure interface formation due to preferential etching of surface and leading finally to formation of the stable facets, i.e., facets having the smallest surface energies [45] . Later, the Au/Au-AIII metal nanostructures grow by forming preferentially (111) crystallographic facets, since the facets have lower surface energy [48; 49] .
In Table 1 an experimentally evaluated number of Au atoms engaged into break one AIII-BV bound together with a leading chemical reaction and heat of formation of AIII-BV semiconductor is presented.
Examined System
AIII (negative heat of formation), it is difficult to supply for AIII metal (In, Ga) on the surface to form an alloy, so the formed structures phase is made of pure Au.
Conclusions
In and GaP. The substrate surfaces were initially out-gassed for 1h at 150 C. In order to remove oxide layer the samples were exposed of low energy, 700 eV Ar+ ion bombardment at a 60deg incident angle at room temperature (RT). Subsequently substrate surfaces were cleaned at T=400 C (InSb(001)), T=427 C (InAs(001)), T=450 C (InP(001)), T=440 C (GaSb(001)) T=500 C (GaAs(001)), T=520 C (GaP(001)), by using ion beam with the same parameters as parameters to remove oxide layer and then annealing cycles at T=450 C (InSb(001)), T=477 C (InAs(001)), T=470 C (InP(001)), T=500 C (GaSb(001)), T=550 C (GaAs(001)), T=570 C (GaP(001)) were repeated until the c(8x2) InSb(001), 
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Au/AIII-BV sample characterization and analysis
The samples were transferred at ambient condition to a Dual Beam SEM/FIB FEI Quanta 3D FEG microscope equipped with EDAX EDX/EBSD/WDS microanalysis system for further investigations installed at the Institute of Physics Jagiellonian University Krakow Poland. The size and surface density of developed nanostructures were evaluated from SEM images using free software ImageJ/FIJI [50] . The nanostructure size was calculated as square root of the nanostructure area. The average diffusion radius r i.e. the average distance between nanostructures, was calculated from nanostructures surface density D accordingly to r=1 /2 1 √D . The extracted dependencies were presented for AIII-BV semiconductors, which are ordered accordingly to their heat of formation (binding energy) [44] , where the most negative value corresponds to the highest bound system. The surface morphologies of the samples were also imaged by the 5500 Agilent Atomic Force Microscope in a tapping mode. Later, the atomically resolved HAADF STEM measurements, where contrast is proportional to atomic number Z and to the sample thickness [51] , were performed using a FEI (S)TEM Titan3 G2 60-300 microscope equipped with a monochromator, a probe Cs corrector (DCOR) and the ChemiSTEM technology (X-FEG field-emission electron gun and four windowless detectors
Super-X EDX system) [52] The identification of the formed phases in the examined systems, as verified by calculated phase diagrams by the Materials Project [31] [32] [33] and OQMD [53; 54] and also experimental ones [15; 17-19] (see supporting information Fig. S2 , Table S2 ), was based on the analysis of atomically resolved HAADF STEM measurements by examining the interplanar spacing and angles together with the results of the performed EDX experiments and HAADF contrast. The simulations of the identified phases structural models, in the proper zone axis projection, as prepared by a free software VESTA [55] , were overlaid on the HAADF experimental data.
The HAADF STEM image quantification was performed for Au/InSb system to distinguish between columns containing Au atoms and pure In-Sb columns (assuming constant sample thickness). The image was segmented into cells containing atomic columns [56; 57] . This has the advantage that all image scattering is associated to some atomic column. Intermixing between the Au and In-Sb phases is studied atomic column-by-column, similar as in [47] . Due to the noise inherent to the experiment, we used Machine Learning algorithms as implemented in Trainable Weka Segmentation [35] to statistically distinguish between these phases, as successively used in HAADF STEM Tomography [58] . Here we used experimental HAADF signal references of pure Au columns (from AuIn 2 nanowire) and pure In-Sb column (from bulk). The resulted probability of finding Au is directly proportional to the number of Au atoms in the atomic row (assuming constant sample thickness) and since Probability Au +Probability InSb =1, so the probability of finding Au is directly the Au atoms concentration in the sample (value "1" corresponds to the concentration of 100 atomic %), for details see supporting information (Fig. S1 , Table S1 ).
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The determination of the strain fields was performed by Geometric Phase Analysis (GPA) [59] of atomically resolved HAADF STEM images using free software Strain++ [60] . The ellipticity of atomic columns was extracted from atomically resolved HAADF STEM images by free software Atomap [38] .
The multivariate statistical analysis of nanostructures parameters by machine learning
Multidimensional Scaling (MDS) [42] and k-means clustering [43] together with Silhouettes scoring [61] for number of clusters estimation was performed using free software Orange [62] .
The quantum-chemical calculations of gold build up into InSb lattice were performed by using DFT/GGA with use of the VASP [63] [64] [65] code with the following settings: the energy cut-off was set to 400 eV, the sampling of the irreducible Brillouin zone was done according to the Monkhorst-Pack [66] scheme with IBZ sampling in the range of 0.008-0.03 Å The MD calculations were performed using Universal Force Field (UFF) with 1 fs time step (sufficient for the systems with heavy atoms and for used temperature), the total time of simulations was equal to 500 ps. The NPT ensemble with Nosé [72] thermostat (T = 330 °C) and Berendsen [73] barostat (p = 0.0 GPa) were used in simulations.
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In total we tested ~50 different model configurations of Au incorporation into InSb lattice from which we selected those with the lowest Gibbs free energies.
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Author contributions 
Machine Learning HAADF STEM image quantification
The HAADF STEM imaging mode provides structural images where intensities are proportional to both the thickness and mean atomic number Z [1] (Au columns appear brighter than In-Sb columns). By assuming a constant sample thickness, this can be efficiently used to distinguish between columns containing Au atoms and pure In-Sb columns. The image was segmented into cells containing atomic columns [2; 3] . This has the advantage that all image scattering is associated to some atomic column. Due to the noise inherent to the experiment, intermixing between the Au and In-Sb phases is studied atomic column-by-column, similar as in [4] . Here we used Machine Learning algorithms as implemented in Trainable Weka Segmentation [5] to statistically distinguish between these phases, as successively used in HAADF STEM Tomography [6] . For the Trainable Weka Segmentation the following training features were used: mean, median, variance, maximum, minimum. The classes were balanced. The rest settings were set on their default values (classifier: fast random forest of 200 trees with 2 features per tree). The reference areas were used for the Au atomic columns and In-Sb atomic columns, as indicated in Fig. S1a . As a result of image quantification of analysis area (area with Au atom diffusion into the bulk InSb crystal - Fig. S1a ) the Au probability map and InSb probability map is computed Fig. S1b-c . Since the probability of finding Au is directly proportional to the number of Au atoms in the atomic row (assuming constant sample thickness) and Probability Au +Probability InSb =1, so the probability of finding Au is directly the Au atoms concentration in the sample (value "1" corresponds to the concentration of 100 atomic %). The histogram of Au probability (Au atomic concentration) from the area with Au atom diffusion into the bulk InSb crystal is presented in Fig. S1d . Several local maxima are seen Fig. S1d and Table S1 . This is compared with EDX measurements of this region as presented in histogram of Au atomic concentration from EDX Fig. 1e and Table S1 . The quantitative HAADF STEM shows more local maxima in comparison to the EDX measurements, so in this case in more locally sensitive to the changes of Au atomic concentrations. Table S1 : Au atomic concentaration in the area with Au atom diffusion into the bulk InSb crystal as measured by HAADF STEM image quantification and EDX. In this case the quantitative HAADF measurements are more sensitive to local Au concentration then EDX, since more local maxima are visible (value "1" corresponds to the concentration of 100 atomic %).
HAADF STEM quantification
In Fig. S1f Au probability map (Au atomic concentration) from Area1 is presented, one can see in details that different amount of Au atoms are built up into the In-Sb lattice atomic positions. 
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Au-AIII-BV Phase Diagrams
The Au-AIII-BV phase diagrams were calculated from First Principles using the generalized gradient approximation (GGA) approximation to density functional theory (DFT) and the DFT+U extension to it [7; 8] by the Materials Project [9] and also OQMD [10] [11] . In agreement with experimental phase diagrams [12; 13] [14] . [9] and also OQMD [10] .
S4
Au-In System
Au-Ga System 
